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EFFICIENT INTERNAL COMBUSTION
ENGINE VALVE ACTUATOR

TECHNICAL FIELD

This disclosure relates generally to internal combustion
engines and, more particularly, to engine valve actuators.

BACKGROUND

Exhaust gas recirculation is a well known concept among
internal combustion engine manufacturers. Taking a four
stroke diesel engine as an example, one of ordinary skill in
the art will readily recognize that such engines operate
through four distinct strokes of a piston reciprocating
through a cylinder. In an intake stroke, the piston descends
through the cylinder while an intake valve is open. The
resulting vacuum draws air into the cylinder. In a subsequent
compression stroke, the piston reverses direction while the
intake valve and an exhaust valve are closed, thereby
compressing the air within the cylinder. This is followed by
a combustion or power stroke wherein fuel is injected into
the compressed air and thereby is ignited, with the resulting
force pushing the piston again in the descending direction
while both the intake and exhaust valves are closed. Finally,
the piston reverses direction with the exhaust valve open,
thereby pushing the combustion gases out of the cylinder.

One known disadvantage of such engine operation stems
from the byproducts of the combustion process. More
specifically, an unacceptably high level of pollutants, such as
nitrous oxide (NOx), may be released during the exhaust
stroke. Exhaust gas recirculation (hereinafter referred to as
“EGR”) attempts to curtail such drawbacks of conventional
engine operation. With EGR, at least a portion of the exhaust
gases, and thus a portion of the combustion byproducts, is
not exhausted to atmosphere, but rather is introduced back
into the engine cylinder to be combusted in subsequent
power or combustion strokes of the engine.

EGR can be performed internally or externally. With
external EGR, a conduit or other form of pathway is
provided to direct the exhaust gases expelled through the
exhaust valve back to the intake valve. While effective, such
an approach requires additional engine components, includ-
ing the aforementioned conduit, thereby increasing weight
and size requirements and decreasing efficiency.

With internal EGR, such conduits and additional engine
components are avoided. Rather, the exhaust gases expelled
through the exhaust valve are re-introduced to the cylinder
through the exhaust valve itself. Such a process requires the
exhaust valve to stay open not only through the exhaust
stroke, but also after the piston reverses direction, thereby
creating a vacuum and drawing a portion of the exhaust
gases back into the cylinder through the still open exhaust
valve.

One of ordinary skill in the art will readily appreciate that
the force required to open the exhaust valve, and maintain
the exhaust valve in an open position as the piston recipro-
cates through the cylinder to a top dead center location, is
substantial. Conventionally, the exhaust valve has been held
in such an open position by a valve actuator employing
highly pressurized oil. More specifically, a valve actuator,
having a cylinder in which a piston is reciprocatingly
disposed, is provided proximate a stem of the exhaust valve.
Movement of the actuator piston, by the highly pressurized
oil, to an extended position imparts opening force to the
valve stem.

In order to allow for internal EGR, pressurized oil on the
order of, for example, fifteen hundred to five thousand
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pounds per square inch (10.34 to 34.4 MPa) has had to be
supplied to the valve actuator (other pressure ranges are
possible). The engine or machine in which the engine has
been mounted therefore has had to provide a high pressure
source or rail and be able to supply the high pressure oil to
the actuator when EGR is desired. Such a requirement has,
among other things, the disadvantage of decreasing the
engine efficiency in that the engine must continually direct
substantial usable work to the high pressure rail to maintain
such pressures even though the high pressure oil is only
required for a relatively short duration during engine opera-
tion.

The present disclosure is directed to overcoming one or
more of the problems or disadvantages associated with the
prior art.

SUMMARY

In accordance with one aspect of the disclosure, an engine
valve assembly is provided which comprises an engine valve
seat, an engine valve element adapted to move relative to the
engine valve seat between an open position and a closed
position, and an actuator operatively associated with the
valve element and adapted to impart a first force having a
first magnitude to the valve element, and a second force
having a second magnitude greater than the first magnitude
to the valve element to move the valve element.

In accordance with another aspect of the disclosure, an
engine valve actuator is provided which comprises an actua-
tor cylinder, an actuator piston reciprocatingly mounted in
the actuator cylinder, the piston including a rod extending
therefrom, a first source of pressurized fluid, a second source
of pressurized fluid, the second source being pressurized at
a higher pressure than the first source, and a control valve in
fluid communication with the first source, the second source,
and the actuator cylinder. The control valve has a first
position and a second position, with the first position con-
necting the first source in fluid communication with the
actuator cylinder, and the second position connecting the
second source in fluid communication with the actuator
cylinder.

In accordance with another aspect of the disclosure, an
engine is provided which comprises an engine cylinder, an
engine piston reciprocatingly disposed in the engine
cylinder, a valve element disposed in a port of the engine
cylinder, a valve actuator connected to the engine and
positioned proximate the valve stem, a first source of pres-
surized fluid in fluid communication with the valve actuator,
a second source of pressurized fluid in fluid communication
with the valve actuator, and a control valve adapted to
control flow of pressurized fluid from the first and second
sources of pressurized fluid to the valve actuator.

In accordance with another aspect of the disclosure, a
method of controlling an engine is provided which com-
prises providing an engine having an engine cylinder, a
valve port, and a valve adapted to open and close the valve
port, opening the valve with a first force derived from a first
source, holding the valve open with a second force derived
from a second source, expelling exhaust gas from the engine
cylinder during the opening step, and drawing exhaust gas
into the engine cylinder during the holding step.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagrammatic cross-sectional view of an
embodiment of an internal combustion engine depicting an
engine block, cylinder head, and valve actuators;

FIG. 2 is a cross-sectional view of the engine of FIG. 1,
taken along line 2—2 of FIG. 1;
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FIG. 3 is a schematic representation of an engine valve
actuator depicted in a first position;

FIG. 4 is a schematic representation of an engine valve
actuator depicted in a second position;

FIG. 5 is a schematic representation of an engine valve
actuator depicted in a third position;

FIG. 6 is a flow chart depicting a sample sequence of steps
which may be taken to operate an engine;

FIG. 7 is a graphical representation of normal valve
operation, plotting valve lift vs. engine crank angle, for a
four stroke internal combustion engine;

FIG. 8 is a graphical representation of engine operation
for an engine providing exhaustion gas recirculation using
the exhaust valve; and

FIG. 9 is a graphical representation of engine operation
for an engine providing exhaust gas recirculation using the
intake valve.

DETAILED DESCRIPTION

Referring now to the drawings, and with specific refer-
ence to FIG. 1, an engine is generally referred to by
reference numeral 20. While the engine 20 is depicted and
will be described in further detail herein with reference to a
four stroke, diesel engine, it is to be understood that the
teachings of the invention can be employed in conjunction
with any other type of engine wherein portions of exhaust
gases are to be reintroduced to the engine for substantial
combustion.

The engine 20 may include a plurality of engine cylinders
22 in each of which is reciprocatingly mounted an engine
piston 24. In the depicted embodiment, six such engine
cylinders 22 and engine pistons 24 are depicted in aligned
fashion, but it is to be understood that a greater or lesser
number are possible, and that engine cylinder orientations
other than in-line, such as, for example, a “V” configuration,
are possible as well. A connecting rod 26 may be connected
to each cylinder piston 24, and in turn be connected to a
crank shaft 27 so as to capitalize on the motion of the engine
piston 24 to produce useful work in a machine (not shown)
with which the engine 20 is associated. Each engine cylinder
24 may be provided within an engine block 28 having a
cylinder head 30, and may further include intake valves 32,
and exhaust valves 34.

Referring now to FIGS. 2-5, the cylinder head 30 and a
pair of exhaust valves 34 are shown in greater detail for one
of the cylinders 22, it being understood that a pair of intake
valves 32 associated with each cylinder 22 may be similarly
constructed. As shown therein, a pair of exhaust ports 38
may be provided in the cylinder head 30 to allow for fluid
communication into and out of the engine cylinder 22. As
shown in FIG. 1, each intake valve 32 is similarly disposed
in an intake port 36. More specifically, in normal engine
operation, air may be allowed to enter the engine cylinder 22
through the intake ports 36, while combustion or exhaust
gases may be allowed to exit the engine cylinder 22 through
the exhaust ports 38. An intake valve element 40 may be
provided within the intake port 36 (FIG. 1), while an exhaust
valve element 41 may be provided within the exhaust port 38
(FIG. 2). An intake manifold 42 is connected to the intake
port 36, and an exhaust manifold 43 is connected to the
exhaust port 38.

Each of the valve elements 40, 41 may include a valve
head 44 from which a valve stem 46 extends. The valve head
44 includes a sealing surface 48 adapted to seal against a
valve seat 50 about a perimeter 52 of the valve ports 36, 38.
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The valve elements 40, 41 further include a bridge 54
adapted to contact the valve stem 46 associated with each
valve port 38. A valve spring 56 imparts force between top
of each valve stem 46 and the cylinder head 30, thereby
biasing the stem 46 away from the cylinder head 30 and thus
biasing the valve head 44 into sealing engagement with the
corresponding valve seat 50 to close the intake and exhaust
valves 32, 34.

As shown best in FIG. 2, movement of the valve elements
40, 41 is controlled not only by the springs 56, but by a cam
assembly 58 as well. As one of ordinary skill in the art will
readily recognize, rotation of the cam 60 periodically causes
a push rod 62 to rise, thereby causing a rocker arm 64,
connected thereto, to pivot about a pivot shaft 66. In so
doing, an end 68 of the rocker arm 64 is caused to pivot
downwardly and thereby open the exhaust valve elements
41. Under normal engine operation, the cam 60 imparts
sufficient force to the valve stem 46 to overcome the biasing
force of the springs 56 and thereby push the valve heads 44
away from the valve seats 50, to open the exhaust valves 34.

In certain modes of engine operation, such as with the
internal exhaust gas recirculation to be discussed in further
detail herein, the valve stems 46 can be alternatively pushed
against the springs 56 to thereby open the valves 34. More
specifically, a valve actuator 70 may be used to so open the
intake valves 32 and/or the exhaust valves 34. As shown in
FIGS. 3-5, one example of the valve actuator 70 includes an
actuator cylinder 72 in which an actuator piston 74 is
reciprocatingly disposed. The actuator cylinder 72 may
include an opening 79, through which an actuator rod 78
may extend in the direction of the rocker arm 64 or bridge
54. The actuator rod 78 may be integral with, or separate
from the actuator piston 74.

The actuator cylinder 72 may also include a port 80
providing access to an actuation chamber 82. The port 80 is
adapted to place the actuation chamber 82 into fluid com-
munication with one of a low pressure fluid source 84 or a
high pressure fluid source 86. In one embodiment, the low
pressure fluid source 84 may be a lubrication oil system of
the engine 20 normally used to supply lubricating oil to
various engine components, and the high pressure fluid
source 86 may be a high pressure oil rail of the engine 20
that may also be used to actuate fuel injectors (not shown).
Lubrication oil may be supplied from the low pressure fluid
source 84 at any convenient portion of the lubrication oil
system, such as for example, from a passage 85 within the
pivot shaft 86. The low pressure fluid source 84 need not be
a lubrication oil system but may be any source of fluid on the
order of, for example, sixty to ninety pounds per square inch
(413.7 KPa to 620.5 KPa), whereas the high pressure fluid
source 86 may be any source of fluid on the order of, for
example, fifteen hundred to five thousand pounds per square
inch (10.34 to 34.4 MPa). Other pressure ranges are cer-
tainly possible.

Placement of one of the low and high pressure sources 84,
86, respectively, into fluid communication with the actuation
chamber 82 is controlled by a control valve 88. The control
valve 88 may include first and second inlets 90, 92 and a
single outlet 94. The control valve 88 may be biased into a
position connecting the port 80 to the low pressure oil source
84 and be actuated by a solenoid 95 to connect the port 80
with the high pressure oil source 86. The solenoid 95 may
itself be actuated upon receipt of a control signal or the like
from a main control or processor 96 (FIG. 1) of the engine
20. Both the low and high pressure sources 84, 86 may be
in fluid communication with an oil drain, sump, or accumu-
lator 97.
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In either event, the actuation chamber 82 is filled with
pressurized fluid. With the low pressure fluid, the fluid fills
the chamber 82 sufficiently to move the actuator piston 74 so
as to take up any lash 98 (FIG. 3) in the system, such as that
existing between the actuator rod 78 and the valve stem 46
or that between the rocker arm 64 and the actuator rod 78.
“Taking up any lash in the system” is defined herein to mean
removing any space between movable components. In so
doing, when exhaust gas recirculation is desired the high
pressure fluid source 86 can be placed into communication
with the chamber 82 and immediately move the piston 74
and stem 46 to an open position, thereby greatly reducing the
volume of high pressure fluid required and increasing sys-
tem responsiveness.

INDUSTRIAL APPLICABILITY

In operation, the engine 20 can be used in a variety of
applications. For example, the engine 20 may be provided
on board a prime-mover, vehicle or the like, or any type of
machine requiring the provision of mechanical or electrical
energy. Such machines may include, but are not limited to,
earth moving machines, backhoes, graders, rock crushers,
pavers, skid-steer loaders, cranes, trucks, and the like.

Referring now to FIG. 6, in conjunction with FIGS. 2-5,
the engine 20 can be operated so as to provide internal EGR
in the following manner. By way of background, one of
ordinary skill in the art will understand that a typical
four-stoke, diesel engine operates through four distinct
strokes the engine piston 24 through the engine cylinder 22.

In a first or intake stroke, the engine piston 24 descends
through the engine cylinder 22 away from the cylinder head
30 while the intake valve 32 is open, as indicated in steps 99
and 100, respectively. The intake valve 32 may be opened by
a mechanical driven actuator such as cam assembly 58. In so
doing, air is drawn into the engine cylinder 22, as indicated
in a step 102.

In a second or compression stroke, the engine piston 24
reverses its motion, at the direction of the rod 26, while the
intake and exhaust valves 32, 34 are closed. Such steps are
indicated by reference numerals 104 and 106, respectively in
FIG. 6. As the engine piston 24 ascends through the engine
cylinder 22 toward the cylinder head 30, the air is com-
pressed (as indicated by a step 110).

In a third or combustion stroke, fuel is injected directly
into the compressed air and thereby ignited, as indicated by
a step 112. The resulting explosion and expanding gases
push the engine piston 24 again in a descending direction (as
indicated by a step 113) through the engine cylinder 22,
while the intake and exhaust valves 32, 34 remain closed.

In a fourth or exhaust stroke, the engine piston 24 again
reverses and ascends through the engine cylinder 22, but
with the exhaust valve 34 open, thereby pushing the com-
bustion gases out of the engine cylinder 22. Such steps are
indicated in FIG. 6 as steps 114 and 116, respectively.

With internal EGR, the above-referenced valve timing is
altered. During a typical exhaust stroke as depicted in the
graph of FIG. 7, wherein a four stroke engine cycle is
equated to seven hundred and twenty degrees of rotation
with each of the four strokes representing one hundred and
eighty degrees of rotation, the exhaust valve 34 is closed
upon to the engine piston 24 reaching the top dead center
position within the engine cylinder 22 (defined herein as an
uppermost position the engine piston 24 can attain within the
engine cylinder 22 before descending) to, among other
things, avoid damaging contact between the engine piston
24 and the extended, open, exhaust valve 34. However, with
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internal EGR it is necessary for the exhaust valve 34 to
remain open throughout not only the exhaust stroke, but
during the interim period between when the exhaust valve
34 is normally closed and when the intake valve 32 opens to
conduct the intake stroke. FIG. 8 depicts such operation.

Preferably, the exhaust valve 34 is not open as much
during EGR as during the exhaust stroke so as to avoid the
aforementioned contact. For example, during a typical
exhaust stroke, the valve head 44 may be extended approxi-
mately twelve millimeters from the exhaust valve port 38,
while during EGR the valve head 44 may be extended from
the valve port 38 approximately two millimeters. In one
embodiment, the exhaust valve 34 stays open throughout
entire exhaust stroke of the engine 20 and until approxi-
mately ninety degrees into the intake stroke (five hundred
degrees of crank angle in FIG. 8).

In an alternative embodiment, EGR can be similarly
conducted through the intake valve 32 alone or in combi-
nation with the exhaust valve 34. FIG. 9 depicts valve lift of
the intake valve 32 during initial stages of the exhaust stroke
to accomplish such an alternative form of EGR. Moreover,
it is to be understood that, while not illustrated, a third valve
or set of valves, separate from the intake valves 32 and the
exhaust valves 34, could be provided for the specific purpose
of providing EGR.

Since EGR may not always be desired during operation of
the engine 20 and the duration of the EGR event may be
variable, steps 118 and 119 (FIG. 6) are included wherein the
engine 20 or, more specifically, the processor 96, determines
first whether EGR is desired and, if so, for how long. If such
operation is not desired, normal diesel functioning
continues, meaning that the exhaust valve 34 is closed as
indicated in a step 120, and a typical four stroke cycle
repeats.

However, if EGR is desired, the exhaust valve 34 is held
open using the actuator 70, as indicated by a step 122. The
exhaust valve 34 is held open while the engine piston 24
descends and the intake valve 32 is opened, as indicated by
steps 124 and 126, respectively. It is to be understood that in
the aforementioned alternative embodiment, the intake valve
32 can be held open during the latter stages of the exhaust
stroke as well to enable EGR through both the intake valve
32 and exhaust valve 34. In so doing, a portion of the exhaust
gases pushed from the engine cylinder 22 through the
exhaust valve 34 and into the exhaust manifold 43 (and/or
intake valve 42) is reintroduced into the engine cylinder 22
(and/or intake valve 32). This step is indicated by referenced
numeral 128. Alternatively, the intake valve 32 could be
opened as well during the exhaust stroke with exhaust gases
being expelled into the intake manifold 42. After a prede-
termined stroke length (e.g., ninety degrees as indicated
above in the embodiment of FIG. 8), the exhaust valve 34 is
closed as indicated by a step 130, while the intake valve 32
remains open to complete the intake stroke as explained
above.

One of ordinary skill in the art will understand that
significant force is required to open and hold the exhaust
valve 34 open during the exhaust stroke, due to the ascend-
ing engine piston 24 and pressurized gases being pushed out
of the exhaust and thus against the exhaust valve 34. The
actuator 70, when in fluid communication with the high
pressure source 86 is able to generate sufficient force against
the actuator piston 74 to hold the valve 34 open. Moreover,
by directing high pressure oil to the actuator 70 only when
EGR is desired, significant efficiencies in engine operation
are achieved in that the engine 20 need not continually
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compress large amounts of oil to the high pressures needed
by the high pressure source 86.

Other aspects and features of the present disclosure can be
obtained from a study of the drawings, the disclosure, and
the appended claims.

What is claimed is:

1. An engine valve assembly, comprising:

an engine valve seat;

an engine valve element adapted to move relative to the
valve seat between an open position and a closed
position;

a mechanically driven actuator adapted to move the
engine valve element between the closed and open
positions; and

a fluid driven actuator operatively associated with the
valve element and adapted to impart a first force having
a first magnitude to the valve element, and a second
force having a second magnitude greater than said first
magnitude to the valve element to move the valve
element.

2. An engine valve assembly, comprising:

an engine valve seat;

an engine valve element adapted to move relative to the
valve seat between an open position and a closed
position, the valve element includes a valve stem
mechanically coupled with a rocker arm and wherein
the actuator includes an actuator piston reciprocatingly
disposed within an actuator cylinder, the actuator piston
including a rod associated therewith and adapted to
engage the rocker arm; and

an actuator operatively associated with the valve element
and adapted to impart a first force having a first
magnitude to the valve element, and a second force
having a second magnitude greater than said first
magnitude to the valve element to move the valve
element.

3. The engine valve assembly of claim 2, wherein the
actuator cylinder is in fluid communication with first and
second sources of pressurized fluid, the second source of
pressurized fluid being pressurized at a higher pressure than
the first source of pressurized fluid.

4. The engine valve assembly of claim 3, wherein the
engine valve assembly further includes a control valve
adapted to direct one of the first and second sources of
pressurized fluid in fluid communication with the actuator
cylinder.

5. An engine valve actuator system, comprising:

a mechanically driven actuator adapted to move the
engine valve element between a closed position and a
fully open position;

a fluid driven actuator having a piston reciprocatingly
mounted in an actuator cylinder, the actuator piston
including a rod operatively associated therewith;

a first source of pressurized fluid;

a second source of pressurized fluid, the second source
being pressurized at a higher pressure than the first
source; and

a control valve in fluid communication with the first
source, the second source, and the actuator cylinder, the
control valve having a first position and a second
position, said first position connecting the first source
in fluid communication with the actuator cylinder, said
second position connecting the second source in fluid
communication with the actuator cylinder.

6. The engine valve actuator system of claim 5, wherein

the first source of pressurized fluid is a lubrication oil system
of an engine.
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7. The engine valve actuator system of claim 5, wherein
the second source of pressurized fluid is a high pressure oil
rail of an engine.

8. The engine valve actuator system of claim 5, wherein
the second source of pressurized fluid is at a pressure within
the range of about three thousand pounds per square inch to
about five thousand pounds per square inch.

9. The engine valve actuator system of claim 5, wherein
the control valve is always in fluid communication with one
of the first and second sources of pressurized fluid.

10. The engine valve actuator system of claim 5, wherein
the control valve is a three-way, two position valve.

11. The engine valve actuator system of claim 5, wherein
the fluid driven actuator holds the valve in an intermediate
position between the fully open and closed positions.

12. An engine, comprising:

an engine cylinder;

an engine piston reciprocatingly disposed in the engine

cylinder;

a valve element disposed in a port of the engine cylinder;

a mechanically driven actuator adapted to move the valve
element between a closed position and a fully opened
position;

a fluid driven valve actuator connected to the engine and
positioned proximate the valve stem;

a first source of pressurized fluid in fluid communication
with the fluid driven valve actuator;

a second source of pressurized fluid in fluid communica-
tion with the fluid driven valve actuator; and

a control valve adapted to control flow of pressurized fluid
from the first and second sources of pressurized fluid to
the fluid driven valve actuator.

13. The engine of claim 12, wherein the fluid driven valve
actuator includes an actuator cylinder and an actuator piston
reciprocatingly mounted in the actuator cylinder.

14. The engine of claim 12, including a coil spring
mounted about the valve element and biasing the valve
element toward the closed position.

15. The engine of claim 12, wherein the first source of
pressurized fluid is an engine lubrication system.

16. The engine of claim 12, wherein the fluid driven valve
actuator is always in fluid communication with one of the
first and second sources of pressurized fluid.

17. The engine of claim 12, wherein the force generated
by the first source of pressurized fluid is sufficient to take up
lash associated with the valve element and the fluid driven
valve actuator.

18. The engine of claim 12, wherein the engine cylinder
port is an exhaust port and the valve element is an exhaust
valve.

19. The engine of claim 12, wherein the valve element is
disposed in an exhaust port of the engine cylinder.

20. The engine of claim 12, wherein the valve element is
disposed in an intake port of the engine cylinder.

21. The engine of claim 12, wherein the fluid driven
actuator holds the valve in an intermediate position between
the fully open and closed positions.

22. A method of controlling an engine, comprising the
steps of:

providing an engine having an engine cylinder, a valve
port extending from the engine cylinder, and a valve
element adapted to move between a fully open position
and a closed position relative to the valve port;

opening the valve with a first force derived from a first
source;
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partially closing the valve to an intermediate position
between the fully open position and the closed position;

holding the valve in the intermediate open position with
a second force derived from a second source;

expelling exhaust gas from the engine cylinder during the
opening step;

drawing exhaust gas into the engine cylinder during the

holding step;

removing the second force from the valve; and

closing the valve.

23. The method of claim 22, wherein the second source is
a fluid driven valve actuator having an actuator cylinder in
which an actuator piston is reciprocatingly disposed and the
holding step includes directing the fluid to the actuator
cylinder.

24. The method of claim 22, wherein the first source is a
mechanically driven actuator.

25. The method of claim 22, wherein the opening step is
performed during an exhaust stroke of the engine, and
wherein the holding step is performed during the exhaust
stroke and at least part of an intake stroke of the engine.
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26. The method of claim 22, including the step of per-
forming the opening step prior to an exhaust stroke of the
engine.

27. The method of claim 22, including the steps of holding
the valve element open a first predetermined amount during
the opening step and a second predetermined amount during
the holding step.

28. The method of claim 22, including the steps of
opening and holding an exhaust valve.

29. The method of claim 22, including the steps of
opening and holding an intake valve.

30. The method of claim 22, wherein the holding step
includes a step of switchably connecting a control valve to
a source of high pressure fluid and a source of low pressure
fluid in fluid communication with the actuator cylinder.

31. The method of claim 30, wherein the holding step
includes a step of switchably connecting the control valve to
a high pressure rail of the engine and a lubrication oil system
of the engine.

32. The method of claim 30, including the step of con-
necting a source of low pressure fluid with the actuator
cylinder during the opening step.
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